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Abstract—In this paper, a novel anti-skid controller for EV back EMF, a dynamic model error observer is set up. It can
without speed sensor is proposed to prevent the slip between follow the input command of current, and when slip occurs,

tire and road. Based on back-EMF observer and dynamic ; ;
model error observer, an anti-skid controller with PI regulator ::greziti[r)]l;tst”c;que will_be decreased quickly to prevent

is designed and analyzed. When skid occurs, the equivalent
inertia of the EV system will change, and the acceleration
of the wheels will also change. A back EMF observer is Il. ANALYSIS OF TIRE-ROAD SYSTEM

constructgd to acquire the mformatlon of speed as we_II as the The problem of wheel slip control can be analyzed by
acceleration. Then a dynamic model error observer is setup using a one-wheel-car model[9] as shown in Fig. 1. There
using the signal of back EMF to regulate the torque (current) 9 ; o . ) g. 1

selecting the gains of proportional item and integral item of body of the car. The dynamic equation of the system can
the regulator, the torque (current) reduction can be adjusted  be expressed as
freely in some range, and it is proved that the controller with

integral item has better performance in skid restraining. The . T — Fgqr — Fw(w)T
. e ol - W= 1)
experimental results of the vehicle simulator utilizing Motor. T
Generator system verified the effectiveness of our proposed
thod.
metho V= F;— Fy(V) @)
I. INTRODUCTION M

Recently a lot of electric vehicles (EV), such as purewhereT" is the sum of driving and braking torques, i.e.
electric vehicles, fuel cell vehicles and hybrid vehicles,7=T; — T;; Fy is the drive force of the chassis,, is the
have been developed to solve the air pollution problems iaverage friction force of the driving wheels for acceleration
cities caused by the traditional internal combustion engin@nd the average friction force of all wheels for deceleration,
vehicles (ICV). With the driving of electric motor, the J, is the inertia of the wheeld;y, is the wind force of the
vehicles can also achieve high-performance dynamic controfehicle. M is the mass of the chassis and the wheels of the
ability[1]. In the motion process of a vehicle, the adhesiorvehicle, i.e. M = M, + M,,.
characteristics between tire and road surface have great

effect on the motion status of the vehicle. This means that —V

in order to improve the stability and safety of vehicle, it M =

is necessary to adjust the driving and braking torque of Q Wit
the system to control the adhesion status of each wheel. - ‘;r
At the same time, if the adhesion status can be controlled road F,
effectively, the energy loss will be cut down, and the

distance of one battery charge will be also expanded. Fig. 1. One-wheel vehicle model.

In order to acquire better adhesion performance for

any type of road conditions, the skid prevention controller e slip ratio \ is used to describe the slip status

should to be designed. The slip caused by acceleratingatyeen the road and the tire. It is defined as
decelerating or braking usually leads to unsafe motion in

vehicle driving. Motion stabilization[2] and lateral motion A = M (Driving) (3)
control[3] can keep the motion status within a safe area. As Vv
the base of the vehicle motion stabilization, the skid prevent- A = V-Ww (Braking) (4)
ing technologies are developed, such as Model Following 14

Control (MFC)[1], [4], optimal slip ratio control[5]. Current where Vi, is the wheel speedl is the velocity of the
disturbance observer also be used to limit the fast increasinghassis.

of the wheel speed[6]. The anti-skid controllers based on The friction coefficientu is a function of of slip ratio
disturbance observer[7] or road conditions estimator[5], [8])\, © = f(X\), which is dependent on the road conditions.
are also studied recently. In most of these control schemeBpr different conditions of the road such as dry, wet, snowy,
the wheel speed even the vehicle speed is needed. #ic., the relationship betweenandy is different.

this paper, a novel back-EMF based anti-skid controller The drive force of the vehiclé’; is proportional with
algorithm is proposed. Based on the characteristic of théhe friction coefficient and the pressure to road. After having



achieved the friction coefficient from slip ratio utilizing  B. The Anti-Skid controller based on Dynamic Model Error

@ — A curve, the driving forceFy; can be calculated by Observer
Fy=Nu(\) 5) It is well known that the value of back EMF is propor-
tional with the motor speed, (6) can be written as
wherelN is the normal component of reactive effect on tires. . 1
The block diagram of the vehicle is shown in Fig.2. Vems = wCeTH (7)
The model of vehicle will change when skid occurs. So
Torque it is possible to construct a dynamic model error observer
: ” using the estimated back-EMF signal, i.e. wheel speed
* N >y > signal, as shown in Fig.5.
r N /’\ 7 em = Vems * (J/C?)s — 1" (8)
Fd%]‘* — I & k:ﬁ: By this approach, the system model disturbance can
\/ & @X( ) be observed without speed sensor. In Fig.5, as the current
B_) function Slip ratio is proportional with the torque, the load torque can be
I v expressed by its current,, andi, is the motivate current
" s of Fj.
Back EMF Vi
Fig. 2. The block diagram of the vehicle. ) Ce J
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IIl. THE ANTI-SKID SCHEME UTILIZING DYNAMIC
MODEL ERROR OBSERVER

A. Back-EMF Observer

In the condition of no speed sensor, the anti-skid con-
troller can also be realized with other signals such as back T+l 4’? Al Dynamic Model
EMF. This kind of slip controller has more reliability and [ o ng Error Observer
more robust performance. But the signal of back EMF @,s+D)

cannot be detected directly, it is necessary to set up an
observer to estimate the value of back EMF. A current F19- 4
disturbance observer with variable gain and time constant

is discussed in paper [6], which utilized the torque drop As the time constant of the inner loop is more than 10
characteristic to limit the torque when slip occurs. Thetimes as small as that of the outer loop, in order to simplify
current disturbance observer is used to compensate thiee dynamic analysis of the system, the transfer function
voltage drop caused by back EMF, so in fact it is also &@rom i* to i is considered as 1. Thus the open loop transfer
back EMF observer. In this paper it is employed to estimatgunction from human drive commarig; to the drive current

Slip prevention system based on load disturbance observer.

the back EMF, as shown in Fig.3. iq IS
The estimated back EMF can be expressed as Gor = Q 9)
. u*—(LerR)z (T1$+1)(T28+1)7Q
Vems = T st1 ® ifQ= K,, (K, € R), then the Bode diagram of the open

L i o _transfer function can be drawn as shown in Fig.5. The Bode
where the':TJrl is a low-pass f.|Iter for restraining the noise diagram shows that, whel, <= 1, the gain margin and
of the estimated value. In the inner loop of the controller, ahhase margin are big enough, but wha > 1, due to

the small stability margin, the system will have poor robust

Back EMF c,+ JV performance against uncertainty in low and high frequency
. . g ‘ parts.
+ v 1 orque . ) i X )
l & ACR 2O -*Ié—' Yeicle I v, The closed loop transfer function froig; to iy is
s+1 s+1
Gor = (s +1)(res 1) (10)
NS (ms+1)(res + 1) + K, (J,/J — 1)
wtl Ll It indicates that, wher/ = J, , the closed loop transfer
Back EMF Observe. ™ function will be equal to 1. That is, the current command,

i.e. current (torque) command will be exactly realized by the
controller. And if slip happens, the inertia will decrease,
and the transfer function will also decrease with the change
of J. On the other hand, whed increases, the transfer
appropriate current regulator (ACR) is designed to followfunction will also increase to keep the acceleration as a
the current command quickly. constant value.

Fig. 3. The block diagram of back-EMF observer.
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It indicates that, when/ = J,, the closed loop trans-
fer function will also be equal to 1, that is, the current
command, i.e. current (torque) command will be exactly
realized by the controller. And if the slip happens, the
will decrease, and the transfer function will also decrease
with the change of/.

The comparison of the controllers with different param-
eters is shown in Fig.7. From to the bode diagram, it is
found that the phase curve that the integral gAinis 10

Fig. 5. Slip prevention system based on load disturbance observer.

C. Slip controller with Integral Regulator

Magnitude (dB)

In order to insure the robust performance of the slip g
controller, it's better to limit the gain of the controller
within 1. However, in most of the slip situations, the wheel

acceleration should be decreased in some extend to prevent

more slip. It requires that the gain is big than 1. @
In the slip process, the difference between feed forwardS

and feedback of the dynamic model error observer is var|ou§

with the different slip status. And if the slip is serious, the ~

model error is also big. So an integrator is tried to put

into the controller, i.eQ = K, + K,/s,(K,,K; € R),

to regulate the torque dropping command.
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Fig. 7. Comparison of the controllers with different parameters.

The open loop transfer function from human drive
commandig to the drive current; becomes

Gor =

The bode diagram of the system with differeidt and

Kps =+ Kz
s(ns+1)(ms+1) — K,

S—KZ'

K, =1 is shown in Fig.6.

150
— Ki=0
100 -~ - Ki=0.1
a Ki=1
T s50f D
3 .
E s - - Ki=10
g 0 R
g
£y
s 50T
-100
290 ——
.7 B — Ki=0
/ - - Ki=0.1
® J/ Lo Ki=1
B 135 / SO\ ki
T 13 , ) \ i
2 ,’ , N\ - - Ki=l0
2 / / \
) // // \
B J

Fig. 6.

The closed loop transfer function froig to iy becomes

10” 10 10° 10"

Bode diagram of the system with integral regulator.

(11)

Of course, the integral part of the regulator is need to
cut off when the adhesion recovered.

IV. SIMULATION AND EXPERIMENT RESULTS

Suppose that the vehicle is running from the dry road
to the icy road, and the surface of the icy road is very
smooth, so that the friction between the tire and the road
rapidly reduces. At the same time, if the motor of the EV
is still keeping the driving torque as before, then the wheel
will slip on the icy road quickly. The slip phenomenon is
simulated by MATLAB utilizing the EV system as shown
in Fig.2 and Fig. 4. Suppose the EV starts to accelerate on
the dry road fromt = Osec, and at = 3sec it enters the
icy road. The parameters of the EV system are used with
the ones of "UOT March I” which is the experimental EV
of our laboratory. In order to compare with the experiment,
the simulation outputs are proportionally converted into the
scope of the experiment results.

A. Simulation Results

In order to find the relationship between the performance
of the slip controller and the gain of the load torque observer
K, and K;, the controllers with parameters of differekit,
and differentK; are simulated and the simulation results
are shown in Fig.8 and Fig.9, respectively. In Fig.8, the
gain of the load torque observéf,, the gain is changed
from 0.1 to 10. Wherk,, = 0, as shown in Fig.8 (a) and (c),
the wheel speed dramatically increases after slip occurred.



When K, = 1, the acceleration always keep the constantas better slip preventing performance than other ones as

value, the fast increase of the speed is limited. Whgi>  shown in the Fig.14.

1, the wheel speed is decreased after slip happened. The

torque and the output of the observer shown in Fig.8(bP- Experiments Results

also proved this point. So the slip ratio is limited as fkig In this paper, the DC Motor-Generator system, as shown

increases as shown in Fig.8(d). in Fig.10, is designed to simulate the EV system with slip
In Fig.9, with the conditions of<;, =1, K; = 0---10,  phenomenon[6]. The block diagram is shown in Fig.11. In

the results prove that with the increase ff, the drop of the M-G set, the drive motor and the load motor can be

the acceleration become large and the slip ratio is restrainasbntrolled dependently. And an inertia simulator is designed

effectively. to simulate the varying of the equivalent inertia of the EV

system.
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Fig. 9. Simulation results of EV

For comparing the two sets of curves, the comparison The experiment results are shown in Fig.12 and Fig.13.

curves with the parameters @k, = 2, K, = 0], [K, =
1,K; =1] and[K, = 10, K; = 0], [K, = 1, K; = 10] are

The curves have the same features with the ones of simula-
tion results shown in Fig.8 and Fig.9 expect for some noises.

shown in Fig.14 (a) and (b). In Fig.14, the acceleration dropWith the increase of, or K, the acceleration, as well as

of [K, = 1K, = 1] is bigger than that oK, = 2K; = 0] in
the whole process. And the controller [df, = 1K; = 10]

the slip ratio, is limited effectively. And the comparison
curves as shown Fig.14 (c) and (d), which indicates that



the adjusting off(; has more effectiveness than that/of. 1300
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14.  Comparison of simulative and experimental results of the

controllers with different parameters.
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Fig. 12. Experiment results of proportional regulator.
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Fig. 13. Experiment results of regulator with integral part.

V. CONCLUSION

Using the back-EMF observer and dynamic model error
observer, the novel anti-skip controller can be achieved
without speed sensor. It can reduce the dependence on the
wheel encoder, and enhance the reliability of the system.
By analysis of the frequency response, the regulator with
integral part also is also proved that it can improves the
robust performance of the controller. The simulation and
experiment prove that the torque reduction of the speed-
sensorless controller can prevent the skid phenomenon
effectively, especially in process of accelerating control.
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